Abstract. The TOPAS macro language can be a powerful tool for increasing the capabilities of Xray powder diffraction analysis. New corrections and constraints can be implemented without altering the program's code, allowing for experimentation with new ideas and approaches. Examples are given, exposing the power and flexibility of the macro language to help solving problems with a few lines of code. The use of simulated annealing for structure solution of an organic material from data exhibiting preferential orientation is one example. Another one is about extraction of useful structural information in Rietveld refinement of natural hydrotalcite-group minerals, a problematic case that would normally be regarded as over-parameterized for the data available.
Introduction
Advances in the analysis of powder diffraction data have largely involved extracting ever increasing amounts of information (be it the crystal structure, microstructure, etc) from what is after all, poor quality data in comparison with the 3D information from single crystal diffraction.
Many of these advances have required the application of different corrections, constraints/restraints or the use of prior knowledge about the sample in order to squeeze out that extra bit of useful information. The extra capabilities are often implemented in the compiled code, usually a major operation performed by the author of the code. The real power of the TOPAS macro language [1, 2] is to allow users to implement almost any correction or constraint they can think of without recompilation provided it can be coded using the extensive range of available keywords and mathematical relationships. The learning curve for advanced use of the language can be steep, but the results that can be obtained make it well worth the effort. Recent achievements utilizing the TOPAS macro language include parametric refinements where many datasets are refined at once [3] , and robust refinements where the fitting of a phase is not adversely affected by artefacts from a poorly fitted impurity [4] .
Preferential orientation and simulated annealing
One of the key and basic concepts of structure solution methods from powder diffraction data is that the relative intensities of the Bragg reflections have to be close to those expected from a true random powder. Two of the most common causes of deviations from this requirement are poor particle statistics and preferential orientation. Poor particle statistics can be improved by intensity averaging along the Debye rings collected with 2D detectors. Unfortunately, little can be done to correct this experimental problem by data analysis.
Some progress has been made in the use of data exhibiting preferential orientation during simulated annealing. Two types of corrections for preferential orientation are commonly implemented in software: the first is the March-Dollase correction (MD) [5] , and the second is a correction based on spherical harmonics [6] . The March-Dollase (MD) correction uses a single variable but the orientation plane has to be supplied by the analyst. The application of spherical harmonics (SH) require no orientation information but can require a large number of variables -the number depending on crystal symmetry and the order of the spherical harmonics function. Obviously the lack of assumptions makes the spherical harmonics approach more tempting with unknown materials, but the probable chaotic behaviour of the variables during simulated annealing (SA) is a well known drawback. The probability of success using spherical harmonics with simulated annealing has been regarded as so low that they have not been implemented at all in some structure solution programs, e.g. FOX [7] .
The March-Dollase correction has been used successfully in FOX to solve crystal structures with simulated annealing/parallel tempering [8, 9] . In the case of an orthorhombic structure [8, 9] the issue of an orientation direction was tackled by attempting separate solutions with (100), (010) and (001). Had none of these directions been correct, then the possibilities would have been daunting.
As it happens the elements for solving the problem of instability of the spherical harmonic variables during simulated annealing were present in the TOPAS macro language [2] and have been easily implemented. The key to maintaining stability through the temperature ramping of the simulated annealing is to remove any prior orientation at the start of a cycle. Variables can then find a new minimum that is unbiased by results from the previous cycle. In practical terms this requires resetting the refineable spherical harmonics variables to zero before a new cycle. The TOPAS keyword val_on_continue is used within the program for other routines, but it may be used to perform exactly the task we want here. Appending the command 'val_on_continue=0;' after each SH variable declaration is all that is required. An example of this in TOPAS code is: prm test 0 val_on_continue=0; (1) Although the variable 'test' is allowed to refine here without limits, the 'val_on_continue=0;' will set it back to 0 at the beginning of each cycle. As mentioned previously, the number of variables required for a spherical harmonic correction depends on the order and symmetry. The technique was first applied to succinonitrile [10] which is monoclinic. In that case, second order (the lowest possible) of spherical harmonics was sufficient, which leads to only 3 additional variables in the simulated annealing.
The combination of triclinic symmetry with higher order spherical harmonics is significantly more challenging. An analysis of orientated wollastonite (CaSiO 3 ) was undertaken [11] as a proof of concept. Wollastonite is an inorganic oxide lacking the inherent level of known connectivity of most molecular systems. The use of polyhedral rigid bodies in this case also requires the merging of corner-sharing oxygens to remove the excess scattering from the initial setup. Wollastonite tends to occur as ribbon-shape crystallites which adds a very significant complication, in that it tends to orientate in two directions at once [12] .
Despite the massively more complex system, the combination of simulated annealing and spherical harmonics correction was successful [11] in finding the correct structure for wollastonite [13] . The trends in R wp residuals with the different spherical harmonic orders are shown in Figure 1 . Values of R wp during simulated annealing runs on wollastonite data using different orders of spherical harmonics [11] .
One application that becomes much more tractable with such a correction is the structure solution using capillary powder diffraction data from frozen solvents. Some solvents used in the electrolytes of lithium-ion batteries as well as some of the potential additives used in electrolytes are of particular interest. The low-temperature performance of lithium-ion batteries is greatly affected by the choice of liquid electrolytes, some of which start to freeze not far below 0 ºC. Very little diffraction work has been carried out on these solvent systems and their low-temperature crystal structures remain unsolved. The rest of this section will cover the structure solution of an additive called 4-fluoroethylene carbonate (FEC), the molecular structure of which is shown in Fig 2 . The experiment was carried out using a custom designed liquid nitrogen cryoflow system (Fig 3) which allows variable temperature data to be collected from capillary samples on a powder diffractometer. Combined with focussing mirror optics, this setup allowed complex ramp-soak experiments to be carried out relatively quickly as well as more conventional fixed temperature datasets. The possible effects of poor particle statistics on diffraction data have to be considered even in capillary geometry. As large crystallites tend to form upon slow cooling of the liquid, quenching was attempted in order to produce small crystallites. The sample was chilled from room temperature to 80 K in a matter of a few seconds so very rapid crystallization occurred along the capillary. Although the crystallites were small, the directional nature of the crystallization along the capillary made preferential orientation very likely. The diffraction data from FEC at 170 K are shown in Fig 4 . The data were collected using a Bruker D8 with a CuKα focussing mirror and a Våntec-1 position sensitive detector (PSD). A variable count and step procedure was used to improve the counting statistics at high angles. Structure solution is performed on low angle data, with higher angle data becoming more important during refinement.
Extending the Reach of Powder Diffraction Modelling
Two theta (degrees -CuKα) In a molecular system such as FEC it is very common to use a rigid body to describe the known molecular connectivity during the simulated annealing. The appropriate use of such a rigid body greatly increases the likelihood of success and/or speed of the structure solution process. In this case the molecule was described using a z-matrix in the TOPAS input file. The code describing the zmatrix is shown below: The top five lines define the different bond lengths which are fixed in the first instance by the use of a '!' before the variable name. The lines starting with z_matrix build up the molecule atom by atom in terms of relative distance, bond angles and torsion angles. Normally, hydrogen atoms are not added until the refinement process but they are included here. The matrix-creation code shown above produces the molecule in Fig 5a. The Rotate_about_points macro simplifies the task of distorting molecules as a unit by allowing geometric changes to the input conformation without describing the change for each atom individually. The first Rotate_about_points macro as described above allows the molecule to bend in the middle along a line joining atoms O2 and O3. The min/max statements tell TOPAS that the bend can be no greater than 20 º in either direction. Fig 5b shows the effect of this macro when the value of Rotate_about_points is 20. The second and third macros allow for a twisting of the C3 and C5 carbon atoms out of the plane, as shown in Fig 5c with values of 20 for each. The values of the variables in the 2nd and 3rd macro are constrained to be the same by the use of a variable name, 'tw' as opposed to '@' for a freely refined variable. The construction of z-matrices is simplified by the use of the 'rigid body editor' in TOPAS [1] which also allows distortions such as changing torsion angles and Rotate_about_points to be visualized before trying them in an actual input file.
The data for FEC were indexed quite easily to a monoclinic cell with space group P2 1 /n. Using the density of the room temperature liquid as a guide it was deduced that the unit cell contained four molecular units. Given the general site multiplicity of four in P2 1 /n, this leads to a single molecule in the asymmetric unit cell (Z'=1). The spherical harmonics preferential orientation can be added to the input file using the macro PO_Spherical_Harmonics(sh, 4) for a 4th order correction. However, there are advantages to coding the correction using a more generic expression. The equivalent long-hand expression is:
sh_order 4 scale_pks = sh;
The major advantage of the above long-hand definition is that a limit may be added to prevent negative intensities by adding scale_pks = Max (sh, 0) ;. This isn't necessarily a good approach during structure solution, but can be useful in refinements. However, given the ease of adding and removing a comment it is easier to code it long-hand rather than rewriting it part way through. After running TOPAS for a single cycle to generate the spherical harmonics variables, the val_on_continue statements are added. This yields the final code in the input file: In this simple case of FEC, the correct basic structure can be found without the preferential orientation correction due to the limited degrees of freedom. This is not always the case however, as was shown with succinonitrile and wollastonite [10, 11] . Even with FEC, the fit and residuals from the simulated annealing are much improved as seen in figures 6 and 7. The result with the spherical harmonics reflects more closely the degree of twisting expected in many of these 5-membered cyclic carbonates [14] . The 'peak decomposition' was turned off in these examples to better demonstrate the fits. Scattering from the capillary was modelled using a single broad peak, the position of which is visible as the vertical line in figures 6 and 7.
During the final refinement of the structure it is highly desirable to add a correction for capillary absorption. With the focussing configuration used here, peak shifts due to absorption are not observable, so the Sabine correction is used to separate out the peak shift effect. The use of the Sabine absorption correction [15] in TOPAS is straightforward, but it can be informative to add some extra lines of code in the µR calculation to add some clarity to the input parameters: In most circumstances the packing density of a capillary is between 0.2 and 0.5 but with a solidified liquid a value of 1 is appropriate. Rather than inputting a fixed, previously calculated value for the linear absorption coefficient (LAC), an expression can used which automatically calculates the LAC for the 'mixture'. The Mixture_LAC_1_on_cm macro cannot be used directly in this case as it produces a recursion error. The 'mixture' LAC has the advantage that it is easily accessible from the scan 'scope' (see the TOPAS Technical Reference for explanation of scope within an input file). In a multi-phase situation the mixture LAC is actually the correct one to use, but for the more common single phase refinement it is equivalent to the phase LAC so the expression is appropriate for either case. It is worth remembering though that a fixed LAC may be preferable to improve stability if the phase density is likely to change significantly, e.g. through merging of heavy atoms. For accurate work using Debye-Scherrer geometry (i.e. fixed incident angle) it is possible to implement a peak-shift correction to account for displacement of the capillary sample from the centre of the goniometer [16, 17] . The effect will be minor for a well-aligned system but the fit can be improved slightly with data covering a very wide angular range. Such a correction is not precoded in TOPAS but it can be added as a macro, either locally in the input file or the 'local.inc' file. The correction can be written as: The 'Rad' statement is used in the calculation to tell TOPAS that the expression should be calculated in radians as opposed to degrees. 'Deg' is the corresponding statement to specify angles in degrees. 'x_offset' is the capillary displacement parallel to the incident beam direction and 'y_offset' is the displacement perpendicular to the incident beam. Rs is the goniometer radius taken from the value specified in the input file. The macro can be called in the input file by
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Occupational and charge balance constraints in Rietveld refinement
Structures too complicated to be properly analyzed using a single dataset are a common problem encountered in Rietveld refinement. These are often materials with multiple atoms on a single site and/or partial occupancies. The ideal approach to these materials is to use multiple datasets (e.g. neutron diffraction data and resonant diffraction data from synchrotrons) in simultaneous refinements. Examples in the literature include complex alloys [18] and complex multi-element lithium battery cathode materials [19, 20] . Gathering data from so many techniques for the same material can be quite an undertaking so the analyst must squeeze as much information as possible from a single laboratory dataset without exceeding the complexity of what the data can provide. This often requires the use of constraints using compositional and other information, to keep the refinement in the realms of physical possibility. Knowing the chemical composition helps significantly but applying the principles of charge balance within the structure can provide a powerful tool, both to stabilize the refinement and potentially check the validity of the structure being refined.
The example used here is stichtite -a natural hydrotalcite-group mineral with the nominal formula Mg 6 Cr 2 (OH) 16 CO 3 ·4H 2 O [21, 22] . In common with the parent hydrotalcite, stichtite can be indexed to an elongated trigonal unit cell in R-3m. The high symmetry would often suggest quite a simple problem, but the hydrotalcite structure contains mixed and partially occupied anion sites, making an unconstrained refinement using a single dataset theoretically impossible as it leads to a singular least-squares matrix. The traditional description of hydrotalcite compositions doesn't follow neatly from the multiplicities in the R-3m unit cell. A factor of 8/3 must be applied to all the calculations of occupancies, explained by the placing of nominally 8 cations (6 x Mg plus 2 x Cr) on a site with 3-fold multiplicity. The proposed structural model involves placement of the atoms on the following sites:
Assuming that the cation and hydroxide sites are fully occupied makes the application of compositional constraints on the anion occupancies feasible. The chromium content is refined on the cation site using the assumption that Mg+Cr = 1. That leaves the additional scattering from the water oxygens the only freely refined occupancy variable. The cation charge assuming Mg 2+ and Cr 3+ can be expressed simply in terms of the magnesium occupancy as:
The only anions in the system are carbonate and hydroxide ions. The occupancy of the carbonate carbon on the 6c site can be calculated from charge balance as follows where oh is the hydroxide occupancy:
prm co3 = (9 -3*mg -6*oh)/(6*2);
The carbonate oxygen site is 18h, so the site multiplicity naturally takes care of the 1:3 carbon:oxygen ratio for the carbonate. The remaining scattering from the 18h site must be from the oxygen atom of the water molecule, so the 18h site occupancy can be described in the 'site' as:
where h2o is a refinable variable.
Extending the Reach of Powder Diffraction Modelling
An added complication in the analysis of data from stichtite is the presence of some anisotropic peak broadening which becomes apparent during a Le Bail unit cell refinement. This is problematic in Rietveld refinement as ignoring it would introduce errors into the fitted peak intensities. This can be dealt with using a multi-variable spherical harmonics-based correction or some other broadening relationship to accurately fit all of the peaks. Similar anisotropic broadening in layered R-3m materials has been addressed previously in deintercalated lithium battery cathode materials [23] . In this case a reciprocal-space based relationship can perform the correction with a single variable. The spherical harmonic-based correction can be coded as: prm p1 0.08055 min 0.0001 (11) spherical_harmonics_hkl sh sh_order 6 lor_fwhm = sh p1;
This yields a correction with 6 variables. In this particular case in R-3m, an alternative is an expression in reciprocal space using a single variable. TOPAS makes accessing such corrections quite simple as a*, b* and c* may be expressed in the macro language using A_star, B_star and C_star respectively. The expression we'd like to code is the following where h-k ≠ 3n the broadening is;
where q is a constant, L is the l Miller index, c* is the reciprocal space vector along c, and R* is the total reciprocal space vector. The code to perform this in TOPAS using the 'Mod' modulus [2] keyword for the h-k ≠ 3n selection rule is: In this case the single variable reciprocal space expression achieves a very similar fit to the spherical harmonics, but with the advantage of exposing the physical base for the correction.
On the experimental front, the stichtite data were obtained in a 0.5mm quartz capillary using the same focusing mirror CuKα Bruker D8 diffractometer as for the fluoroethylene carbonate, although the cryoflow system and Debye slit were not used. Data were collected from 9 up to 140 °2θ using a variable counting methodology. The sample was not entirely phase pure and some of the 2H 1 polymorph (barbertonite) and lizardite were visible, and added to the refinement. The first two stichtite reflections completely dominate the pattern, even when using a square root intensity scale as shown below. This is somewhat unfortunate as they will completely dominate the least squares fitting process, even with properly scaled variable count data. In order to better access the copious information at the higher angles, the intensity data below 30 °2θ were weighted to 10% of their original contribution to the least-squares. The effect is that misfits in that region will no longer dominate the refinement. One side-effect of this weighting is that the R wp residual will be slightly worse than it would be otherwise. The difference plot obtained from the refinement of stichtite using the constraints without an anisotropic broadening correction is shown in figure 8 . The effect of adding the reciprocal space anisotropic broadening correction is shown in figure 9 . The refined crystal structure of stichtite is shown in figure 10 . Figure 8 . Difference plot from the Rietveld refinement of the stichtite data without an anisotropic broadening correction (R wp = 4.0%). The intensity is plotted on a square root scale to emphasize the fit at higher angles. In terms of extracting the compositional information from the input file it can be useful to add some parameter calculations, especially where fractional factors such as 8/3 are required. Such calculations provide a useful cross-check of the arithmetic as well as making it easy to monitor the refinement results. 
Conclusions
The appropriate use of constraints and corrections can be valuable in all forms of analysis using the TOPAS software. During structure solution of molecular solids using simulated annealing, zmatrices are a fundamental tool to improve the probability of success by reducing the number of variables in the problem. One additional advantage of simulated annealing as a real-space method is the ability to correct for unknown preferential orientation effects using spherical harmonics. The use of a single TOPAS keyword in conjunction with the spherical harmonics variables is the key to success in this case.
The use of constraints to reduce the complexity of a refinement to reflect the available data is a valuable tool where a structure may be too complex to refine all structural variables using a single dataset. Given the natural predominance of analyses using a single laboratory-based dataset, problems may easily be over-parameterized for the amount of information available. The use of additional information such as chemical composition or chemical principles such as charge balance can help greatly in reducing the complexity to a more reasonable level. The inorganic mineral example in the text shows how the simple use of charge-balance principles may maximize the information that can be extracted from a single dataset.
TOPAS offers the flexibility to write code and macros for user-defined corrections and convolutions, giving the user almost unlimited freedom to experiment. In the examples shown in the text, code was written to clarify the use of the Sabine capillary absorption correction, apply a Debye-Scherrer capillary displacement correction, and fit anisotropic peak broadening using both spherical harmonics and reciprocal space-based corrections. All this crucial coding could be performed with macros in the lab and required no modification to the compiled TOPAS code.
